Introduction
============

Influenza virus infection is a zoonosis and considered a significant risk to human and animal health. A recent study on the 2009 global influenza A (H1N1) pandemic reported high morbidity/mortality, which had a great socioeconomic impact worldwide \[[@B30]\]. Influenza infection causes medical burden in children, elderly people, and people with chronic medical conditions. Specifically, high mortality is obvious in elderly people and high morbidity has been reported in children less than five years old \[[@B31]\].

In general, influenza virus infection occurs via the respiratory tract and primarily results in acute respiratory symptoms. However, many reports indicate that the influenza virus can infect the central nervous system (CNS). Clinical cases involving influenza infection in the CNS among children are not rare \[[@B8]\]. Clinical symptoms among children include encephalopathy, seizures, and neurological complications such as movement disorders \[[@B9][@B29][@B33][@B35]\]. These clinical case reports provide information related to the acute phase in the progress of the disease, which is caused by the influenza virus infection in the brain. A previous review paper described the long-term effects of influenza brain infection from historical influenza pandemics. It is interesting to note that after the influenza pandemic that occurred from 1916 to 1927, long-lasting behavioral disturbances were observed in children after the recovery period \[[@B15]\]. These changes included increased locomotion, sleep disturbance, mood change, and language disability. Recently, similar findings indicating that children who recovered from the 2009 influenza pandemic exhibited residual neurological sequelae were reported \[[@B1]\]. All these reports suggest that influenza infection may cause long-lasting neurological dysfunction and/or psychiatric disorders in children who recover from influenza infection in the brain.

While the progression of influenza infection in the acute phase is well known, the sequelae of influenza infection in the CNS has not been reported. We previously reported that experimental influenza infection with a half-lethal dose in neonatal mice produced a suitable model for studies into the long-term effects of influenza infection in the CNS \[[@B31]\]. The infected mice showed a wide range of brain areas infected with the influenza virus during the peak infection period, and increased proinflammatory cytokine expression was associated with the infection. The recovered mice also exhibited functional changes in hippocampal neurons, which were characterized by noticeable deficits at rest and severe failures in neural conduction during higher activity \[[@B22]\].

The aim of this study is to investigate the mechanisms underlying neural dysfunction in recovered mice. Several studies have demonstrated that maternal influenza infection can alter the expression of myelination-related genes in offspring \[[@B6][@B7]\]. Our preliminary microarray study using influenza-recovered mice also demonstrated that several genes related to myelination were differentially regulated. Therefore, we investigated the expression of myelin basic protein (MBP) and the morphological characteristics of the myelin sheath in the hippocampus and cerebellum of recovered mice. Specifically, we adopted the concept of a G-ratio, which defines the relative thickness of a myelin sheath in relation to its axonal diameter \[[@B2]\]. By using the G-ratio, it was possible to characterize the properties of the myelin sheath in a quantitative manner; in addition, its ultrastructure was examined by using transmission electron microscopy.

Materials and Methods
=====================

Experimental animals
--------------------

Five-day-old male and female BALB/c mice (Orient Bio, Korea) were used for all experiments described below. Influenza virus infection was performed in the animal biosafety level II facility at Konkuk University, Korea. The contents and methods of the animal experiments were approved by the institutional animal care and use committee at Konkuk University (KU16131).

Virus infection and tissue harvesting
-------------------------------------

In order to obtain mice that had recovered from influenza virus infection, mice were infected with the influenza virus at a half-lethal dose (30 µL of 10^3^ TCID~50~/mL; TCID, 50% tissue culture infectious dose) as previously described \[[@B34]\]. Animals were injected intraperitoneally either with influenza A virus (A/NWS/33 H1N1; provided by Dr. Song, College of Veterinary Medicine, Konkuk University) or a same volume of saline as a control. Hippocampal and cerebellar tissue samples were collected on day 21 post-infection, which is the time point when the viral infection is resolved, based on the absence of viral antigen detection by real-time polymerase chain reaction (RT-PCR) on this day \[[@B34]\]. For each experiment, three to five control and recovered mice were used.

RT-PCR
------

Total RNA was extracted from the hippocampus, cerebellum (n = 5 per group), or oligodendrocyte precursor cell (OPC) culture (n = 5 per group) by using TRIzol reagent (Invitrogen, USA). The cDNAs were synthesized with 5 µg of total RNA by using the Superscript first-strand synthesis system for RT-PCR (Invitrogen) and stored at −20℃. To quantitatively analyze the expression level of *MBP*, the PCR was performed using SYBR Green Premix Ex Taq II Kit (Takara Bio, Japan) in a CHROMO4 (Bio-Rad Laboratories, USA) RT-PCR system. The PCR was allowed to proceed for 40 cycles. The results were analyzed using CFX Manager software (Bio-Rad Laboratories), and the relative expression levels were normalized in relation to the expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), according to the manufacturer\'s instructions. The specific primer sequences for the detection of *MBP*, *interleukin-6* (*IL-6*), *interleukin-1β* (*IL-1β*), *tumor necrosis factor-α* (*TNF-α*), and *GAPDH* are shown in [Table 1](#T1){ref-type="table"} \[[@B34]\].

Western blot analysis
---------------------

MBP expression was compared between control and recovered mice by assessing Western blot. Total protein was extracted separately from the hippocampus and cerebellum (n = 4 per group) using T-PER tissue protein extraction buffer (Pierce, USA). The concentration of the extracted protein was measured using a BCA protein assay kit (Pierce). Proteins were subjected to SDS-PAGE, followed by electrotransfer to PVDF membranes (Millipore, USA). Protein-transferred membranes were blocked with 5% skim milk in 0.1% Tris-buffered saline/Tween-20. The blots were probed with a primary antibody against MBP (1:1,000; Millipore), overnight at 4℃. β-Actin was used as a loading control (1:10,000; Sigma-Aldrich, USA). After incubation, the membranes were subsequently incubated for 2 h at room temperature with the appropriate secondary antibodies conjugated with horseradish peroxidase (Vector, USA). The protein bands were visualized with SuperSignal West Pico Chemiluminescent Substrate (Pierce). The bands were captured and intensity quantification followed by using the Luminescent Image Analyzer System LAS 4000 with image analysis software (Fuji, USA).

Immunohistochemistry
--------------------

Control and recovered mice (n = 3 per group) were anesthetized by intraperitoneal injection of tribromoethanol (250 mg/kg; Sigma-Aldrich). The animals were transcardially perfused with phosphate-buffered saline (PBS) to remove blood in the brain, and further perfused with 4% paraformaldehyde for fixation. The brains were removed and post-fixed in the same fixative overnight at 4℃. The fixed brain was cut along the mid-sagittal plane, and the tissue was processed for routine paraffin embedding. The paraffin-embedded mouse brain was sectioned at 4 µm thickness for immunohistochemical analysis. Briefly, the sections were hydrated, quenched with 0.3% hydrogen peroxide in methanol, and subsequently blocked with 5% equine serum in PBS for 1 h at room temperature. The sections were incubated with the antibody against MBP (1:1,000; Millipore), overnight at 4℃. The sections were then incubated with biotinylated anti-rat IgG (Vector) for 2 h at room temperature and subsequently with horseradish peroxidase-conjugated streptavidin (Vector) for 1 h at room temperature. The signal was visualized using diaminobenzidine as a substrate and counterstained with methyl green. The stained slides were dehydrated, mounted, and evaluated with a light microscope (Olympus, Japan). Negative control staining was carried out by omitting the primary antibody to ensure antibody specificity to MBP. Optical density was measured equally for the hippocampal molecular layer and the cerebellar white matter from five tissue sections per animal. ImageJ software (ver. 1.48; National Institutes of Health, USA) was used to measure optical density by manually outlining the designated stained areas.

Transmission electron microscopy and image analysis
---------------------------------------------------

Control and recovered mice (n = 3 per group) were anesthetized as previously described. They were then perfused with 4% paraformaldehyde and 1% glutaraldehyde in phosphate buffer. In order to acquire tissues from the same locations, 1 mm thick sections of removed brains were obtained using a sagittal and coronal mouse brain slicer matrix (Zivic, USA). The sectioned tissues were post-fixed in 2.5% glutaraldehyde buffer at 4℃ overnight. The tissue sections were osmicated with 2% osmium tetroxide for 2 h at room temperature. After repeated rinsing and stepwise dehydration, tissues were embedded in an epoxy mix, then cured at 60℃ for 48 h. Ultrathin sections were made using an ultra-microtome (EM UC7; Leica, Germany). The sections were stained with uranyl acetate, then with lead citrate for 10 min. Electron microscopic images were obtained using a transmission electron microscope (JEM 1010; JEOL, Japan). At least 10 electron microscopic images were obtained from the hippocampus and cerebellum of each animal for image analysis.

In order to determine the relative thickness of the myelin sheath in a quantitative manner, the G-ratio was calculated. Briefly, the G-ratio was obtained by following a previously described procedure \[[@B3]\]. With ImageJ software, the grayscale electron microscopic images were converted to black and white images. A threshold was applied to these images only to reveal the area occupied by the myelin sheath. First, the area occupied by the myelin sheath was calculated, then the area occupied by fibers was manually filled for calculation. Finally, the axonal radius (r) and the radius of the nerve fiber that includes the axon and myelin sheath (R) were obtained for calculation of the G-ratio (r/R).

OPC culture
-----------

OPCs were cultured to investigate the relationship between influenza infection and myelin expression. OPCs were isolated using the Papain Dissociation System (Worthington, USA) according to the manufacturer\'s instructions. Briefly, brains from 1-day-old animals were immediately removed and washed in a tube containing cold HBSS buffer followed by incubation at 37℃ for 5 min. Brain tissue was dissociated by incubation with papain at 37℃, followed by trituration. Dissociated cells were pelleted and then resuspended in a medium with ovomucoid. The cells were passed through a nylon mesh strainer and were cultured for subsequent experiments. Fluorescence-activated cell sorting (FACS) was performed to verify the ratio of oligodendrocytes in primary brain cell cultures using an O4 antibody (Miltenyi Biotec, Germany) in a cell analyzer (FACSCalibur; BD Biosciences, USA). Cell viability was determined at 6, 12, 24, and 48 h post-infection by using a trypan blue exclusion assay.

Statistics
----------

All data obtained from control and recovered mice were statistically analyzed using the Student\'s *t*-test. Data are presented as mean ± SEM.

Results
=======

*MBP* RT-PCR
------------

MBP expression levels in the hippocampus and cerebellum of control and recovered mice were determined by quantitative RT-PCR. The mRNA levels of MBP in the hippocampus and cerebellum increased by 1.41 and 1.52 folds, respectively (*p* \< 0.05; [Fig. 1](#F1){ref-type="fig"}).

MBP Western blot
----------------

Protein expression for MBP in the hippocampus and cerebellum of control and recovered mice were quantitatively analyzed via Western blot analysis. MBP expression significantly increased both in the hippocampus (*p* \< 0.05) and cerebellum (*p* \< 0.01) of the recovered mice ([Fig. 2](#F2){ref-type="fig"}). The tendency for an increase in MBP expression was similar to that for mRNA expression as both protein and mRNA expressions were higher in the cerebellum than in the hippocampus.

MBP immunohistochemistry
------------------------

The morphological characteristics of MBP expression were assessed by immunohistochemical staining. We stained sections in the same batch to ensure all sections were exposed to the same staining condition. As MBP is a major constituent of the myelin sheath, positive staining signals are localized to the white matter. Within the hippocampus, MBP signals were localized to the molecular layer around Cornu Ammonis (CA)1 and CA2. MBP signals in the cerebellum were mostly obvious within the cerebellar white matter. In general, this immunohistochemical staining technique is not intended for quantitative analysis; however, densitometric analysis was performed for semi-quantitative examination. More intense MBP signals were observed in the recovered mouse cerebellum, while the signals in the recovered mouse hippocampus showed a tendency toward an increase (*p* \< 0.07) that did not reach statistical significance ([Fig. 3](#F3){ref-type="fig"}).

Transmission electron microscopy and the G-ratio
------------------------------------------------

Transmission electron microscopy revealed the fine structure of the myelin sheaths in the hippocampus and cerebellum. The myelin sheath was easily identified from cross-sectioned axons. The general appearance of myelin sheaths around axons was comparable between control and recovered mice brains and the thickness was variable. No specific differences in morphological characteristics were noticed ([Fig. 4](#F4){ref-type="fig"}).

To explore morphological properties of the myelin sheath in a quantitative manner in association with increased MBP mRNA and protein expression in the recovered mouse brain, the G-ratio was calculated to evaluate the thickness of the myelin sheath relative to the axonal radius. A stepwise image processing procedure enabled us to determine the area of individual myelin sheath to axon ratio. The results obtained from image analyses revealed that the G-ratios for the recovered mouse significantly increased by 6% in the hippocampus and by thickness of the myelin sheath in the hippocampus and cerebellum of recovered mice significantly decreased, which suggests the presence of hypomyelination. This is because the G-ratio is defined as the ratio between the axonal radius (r) and fiber diameter (R), which is the sum of the axon diameter and the thickness of the myelin sheath ([Fig. 5](#F5){ref-type="fig"}).

MBP expression in an OPC culture
--------------------------------

An OPC culture was used to determine the effects of influenza infection on the expression of *MBP* in relation to proinflammatory cytokines. Prior to infection, the ratio of OPCs in the primary brain cell culture was measured by FACS. The average proportion of OPCs was 30.7%, which indicated that the primary brain cell culture was highly enriched with OPCs. The viabilities of the control and influenza-infected cultures measured for 48 h were 85.6% and 84.8%, respectively. The viability of both groups did not show any statistical difference at any assessment time (panel A in [Fig. 6](#F6){ref-type="fig"}). *MBP* expression in the infected culture was significantly increased at 24 h (*p* \< 0.01) and 48 h (*p* \< 0.05; panel B in [Fig. 6](#F6){ref-type="fig"}). The expression level of *IL-1β* in the infected culture started to increase from 12 h onward and showed a greater than 100-fold difference at 24 h (*p* \< 0.01; panel C in [Fig. 6](#F6){ref-type="fig"}). *TNF-α* expression in the infected culture showed a rapid increase as early as at 6 h and maintained the increase at 12 h (*p* \< 0.01; panel E in [Fig. 6](#F6){ref-type="fig"}). *IL-6* expression in the infected culture only showed a significant difference at 24 h after infection (*p* \< 0.05; panel D in [Fig. 6](#F6){ref-type="fig"}).

Discussion
==========

The results showed that influenza infection induces long-term upregulation of MBP expression while decreasing the thickness of myelin sheaths surrounding axons in the cerebellum and hippocampus of influenza-recovered mice. Influenza infection may induce MBP expression by increasing proinflammatory cytokines without affecting oligodendrocyte viability. The results are in accordance with previous results which demonstrated that maternal influenza infection can cause changes in proteins associated with myelin formation in the offspring and can influence the effects of cytokines on MBP expression \[[@B6][@B18]\].

Many studies have been conducted to investigate the route and infection process of influenza in the CNS. Influenza viruses can infect the brain via the afferent nerve fibers upon intranasal inoculation \[[@B11][@B17][@B21][@B32]\]. During severe influenza infection, proinflammatory cytokines increase vascular hyperpermeability in the brain enabling the virus to enter brain parenchyma via the blood-brain barrier \[[@B5][@B28]\]. In addition, we recently reported that the influenza virus can infect the brain through the ventricles \[[@B34]\].

Upon influenza infection, the viruses are generally localized to certain areas of the brain. These areas include the substantia nigra, hippocampus, cerebellum, and brainstem \[[@B12][@B26]\]. The influenza virus infection is known to cause neuronal apoptosis and astrocyte activation in these areas \[[@B12][@B20][@B28]\]. We targeted the hippocampus and cerebellum in this experiment because these areas are prone to influenza virus infection, based on previous reports, and we recently observed that influenza infection can cause electrophysiological dysfunction in hippocampal neurons \[[@B22]\].

MBP accounts for about 30% of the proteins that make up the myelin sheath and is believed to be involved in myelin compaction \[[@B10]\]. Changes in MBP expression are associated with inflammatory responses \[[@B18]\]. Especially, TNF-α is known to induce proliferation of OPCs, which produce myelin \[[@B13][@B23][@B25]\]. Our observations from the OPC culture experiment further support previous results, as we observed that influenza infection increased MBP expression, which was preceded by TNF-α and IL-1β induction. In our previous study using a neonatal mouse infection model, we reported that the peak influenza infection was observed five days after infection. At the same time, increased release of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6 were observed in the brain. Based on these results, the OPC culture system appears to well represent the *in vivo* infection model and is an effective method to study oligodendrocyte function during infection.

Increased MBP expression after influenza infection could be explained by the effects of TNF-α and IL-1β. As TNF-α expression was induced in the early phase of infection, it potentially stimulated the proliferation of. A significant increase in IL-1β expression also supports the myelination process, as IL-1β expression induces ciliary neurotrophic factor expression in astrocytes, which is important for myelination \[[@B16]\]. However, it remains unclear why the thickness of myelin was reduced while MBP expression was increased in our study. As myelin is composed of many different proteins, there may be other components that could be adversely affected by the infection. Our preliminary microarray experiment did not reveal any downregulation of myelin-associated gene expression. Therefore, a potential explanation for the phenomenon is a delay in the remyelination process \[[@B19]\]. During the peak influenza infection period, many neurons and astrocytes undergo apoptosis followed by pathological changes in white matter \[[@B34]\]. It is expected that a compensatory increase in MBP expression takes place for remyelination while the repair process may take a longer time to achieve normal myelin thickness, as the translation and remyelination processes depend on various conditions.

In general, MBP mRNA and protein expressions have been observed by applying quantitative analytical methods; however, it was not possible to investigate the individual appearance of myelin sheaths in a quantitative manner. In contrast to a previous study that focused on changes in gene or protein expressions in relation to myelination, we attempted to evaluate changes in myelination properties by adopting the G-ratio concept \[[@B2][@B3]\]. Through this approach, we overcame the limitation of previous studies which were unable to quantify the properties of the myelin sheath based on ultrastructural changes. It should be noted that an increased G-ratio implies a decreased myelin thickness with a constant axon radius, and that condition is referred to as hypomyelination. Increases in the G-ratio in association with demyelination in have been reported in various diseases. Specifically, early influenza infection has been identified as a cause of depression and schizophrenia. Additionally, in patients with schizophrenia, an increased G-ratio has been reported \[[@B4][@B14][@B27]\]. Thus, our findings provide pathophysiological insights into the sequelae of early influenza infection.

We previously reported that hippocampal neurons from recovered mice failed to generate action potentials consistently upon repeated stimulation, and they showed lower neuronal excitability \[[@B22]\]. The results obtained from this study suggest that the neuronal dysfunction could be due to hypomyelination in influenza-recovered mice. It is generally accepted that hypomyelination affects neural conduction \[[@B24]\]. Therefore, our findings suggest that decreased hippocampal excitability in recovered mice could be due to hypomyelination caused by influenza during a critical period of neural development. In conclusion, the present results have demonstrated that influenza infection during the neonatal period affects myelin expression and induces functional changes in the recovered mouse brain.
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![Real-time polymerase chain reaction analysis of *myelin basic protein* (*MBP*) expression in the hippocampus and cerebellum of control and influenza-recovered mice. *MBP* expression in recovered mice was significantly increased both in the hippocampus and cerebellum (n = 5; ^\*^*p* \< 0.05).](jvs-19-750-g001){#F1}

![Representative images (A) and quantification data from Western blot analyses for myelin basic protein (MBP) expression in the hippocampus (HP) and cerebellum (CB) of control and recovered mice (B). MBP expression in recovered mice was significantly increased both in the hippocampus and cerebellum (n = 4; ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01).](jvs-19-750-g002){#F2}

![Representative photomicrographs of myelin basic protein (MBP) immunohistochemical staining in the hippocampus and cerebellum of control (A and C) and recovered (B, D--F) mice. Positive staining for MBP expression was detected in the molecular layer (ML) of the hippocampus and in the white matter (WM) of the cerebellum. High magnification images of the indicated fields in the hippocampus (B) and the cerebellum (D) are shown in panels E and F in Fig. 3, respectively. The optical density measured from the stained areas was significantly higher in the cerebellar WM in recovered mice (G; ^\*^*p* \< 0.05). Scale bars = 200 µm (A and B), 50 µm (C--E), 100 µm (F).](jvs-19-750-g003){#F3}

![Representative transmission electron microscopic photographs of the myelin sheath in control (A and C) and recovered (B and D) mice. Cross sections of myelinated axons are visible. The appearance and thickness of the myelin sheaths are comparable between the control and recovered mouse brain. Scale bars = 5 µm (A--D).](jvs-19-750-g004){#F4}

![A stepwise image conversion process to calculate the G-ratio. (A) An original image was converted to a black and white image by applying a threshold that would only reveal myelin sheaths. Scale bar = 5 µm. (B) Image analysis software was then used to obtain the area of the myelin sheath. (C) The areas that were occupied by axons were filled manually. The entire area occupied by the myelin sheaths and axons was then obtained. (D) Schematic representation (of an axon and myelin sheath) of how the G-ratio is obtained. By deducting the area occupied by the myelin sheaths from the entire area occupied by both the myelin sheaths and axons, the radius of the axons (r) and the thickness of the myelin sheaths (R -- r) were obtained. The G-ratio was obtained by using the following formula: G = r/R. (E) A graph showing the G-ratio for the hippocampus and cerebellum. ^\*^*p* \< 0.05.](jvs-19-750-g005){#F5}

![(A) The viability of primary brain cell cultures enriched with oligodendrocyte precursor cells. Real-time polymerase chain reaction analysis of *myelin basic protein* (*MBP*; B), *interleukin-1β* (*IL-1β*; C), *interleukin-6* (*IL-6*; D), and *tumor necrosis factor-α* (*TNF-α*; E) expressions in control and influenza-infected cells (n = 6; ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01).](jvs-19-750-g006){#F6}

###### Sequences of primers used in real-time polymerase chain reaction

![](jvs-19-750-i001)

*MBP, myelin basic protein*; *IL-1β, interleukin-1β*; *IL-6, interleukin-6*; *TNF-α, tumor necrosis factor-α*; *GAPDH, glyceraldehyde 3-phosphate dehydrogenase*.
